Localized surface plasmon resonance (LSPR) has been shown to exhibit a strong potential for nanoscale electromagnetic field manipulation beyond the diffraction limit. Particularly dark mode plasmons circumvent radiation loss and store the energy long in time, which raise the prospect of interesting plasmonics applications, for example biochemical sensing and nanoscale lasing. Here we theoretically investigate a method of exciting multipole plasmons, including dark modes, using normally incident light. By performing numerical calculations, we show that multipole plasmons in metal nanodisks can be selectively excited by circularly-polarized optical vortex beams. We study the electromagnetic fields of the beam cross-sections and their correspondence with the excited multipole plasmon modes with respect to spin and orbital angular momenta. The transfer of angular momentum between photons and plasmons is also discussed.
M
etal nanoparticles (NPs) have been attracting widespread attention due to their unique physical and chemical properties, which originate from collective oscillations of electron density, a phenomenon known as localized surface plasmon resonance (LSPR). A variety of applications that utilize LSPR have been reported such as chemical sensors and biosensors 1, 2 , surface-enhanced Raman scattering 3 , fluorescence enhancement 4 , second harmonic generation 5 , photovoltaic cells 6 , and photocatalysis 7 . The optical properties of LSPR are strongly dependent on the particle size. In metal NPs that are smaller than the wavelength of light, all of the electrons experience roughly the same phase of the incident electromagnetic field, which leads to dipole plasmon resonance. As the size of the NPs increases, multipole (higher-order) plasmon modes can be excited due to phase retardation of the field inside the particle. Multipole plasmon resonances typically show lower radiative losses and higher quality factors than the dipole plasmon resonance and are hence referred to as dark mode plasmons. Applications such as plasmon lasing 8, 9 and plasmon-enhanced luminescence 10 can benefit from multipole plasmons. Fano resonance is another important phenomenon that is associated with multipole plasmons 11 . Dark modes also arise from the interaction of the dipole modes in the coupled particles 12, 13 , but we are focusing on multipole plasmons of individual particles hereafter.
Metal NPs that inherently support multipole plasmons in a controlled manner are typically fabricated by electron beam lithography. However, in lithographically fabricated planar nanostructures such as nanodisks or nanorings, only the dipole plasmon resonance is excited by the plane wave at normal incidence, e.g. for epiillumination in standard optical microscopy. Several studies have reported that applying an oblique incident beam or breaking the symmetry of the NPs allows multipole plasmons to be excited; however, the intensity of an excited multipole resonance is weaker than that of the simultaneously excited dipole resonance [14] [15] [16] . It is therefore important to realize an efficient scheme to excite multipole plasmon resonances selectively.
Here, we present a novel method that allows the selective and exclusive excitation of multipole plasmons of NPs. We theoretically demonstrate that a normally incident optical vortex beam with a specific azimuthal mode can excite multipole plasmons. Laguerre-Gaussian (LG) modes are employed as optical vortex beams, because they form a complete orthonormal basis set for paraxial light beams in cylindrical coordinates and thus facilitate systematic understanding. We use a gold nanodisk as a plasmonic NP, and excite LSPRs using tightly focused circularly polarized vortex beams (CPVBs). The electromagnetic field at the focus of a specific input beam shows a distinctive distribution around the beam axis that provides a good match with the corresponding plasmon resonance. The incident beams used here can be classified by the orbital and spin angular momenta of the photons. We also discuss the transfer of angular momentum from the incident vortex beam to the resultant plasmon resonance, where the total angular momentum plays a key role in the plasmonic system under investigation.
Results
Framework of numerical calculation. Before describing our numerical results, we briefly summarize the technical background. We denote the vortex beams as LG l p , where l is the azimuthal mode index and p is the radial mode index, giving rise to an orbital angular momentum (OAM) of l h per photon (l 5 0, 61, 62…) 17 .Here we confine our discussion to p 5 0, that is, a single-ringed beam. Circularly polarized beams also possess a spin angular momentum (SAM) of s h per photon, where s is the handedness of the circular polarization (s 5 61). We note that because LG modes form a complete orthonormal basis set for paraxial light beams in cylindrical coordinates, any cylindrical beam may be represented as a sum of CPVBs with appropriate weight. For example, a linearly polarized vortex beam with an OAM of l 5 1 is given by the sum of CPVBs with (l 5 1, s 51) and (l 5 1, s 5 21). In addition, a radially polarized beam, which is known to have interesting features at the focus 18, 19 , can be described by the sum of CPVBs with (l 5 1, s 5 21) and (l 5 21, s 5 1). Therefore, the interaction between the cylindrical beams and the plasmonic nanodisk can also be understood by decomposition to CPVBs. Our notation for angular momentum, for example (l 5 1, s 5 21), is simplified hereafter as (1, 21) .
In order to investigate the plasmon resonances excited by CPVBs, we numerically calculated the electromagnetic field in the system using the finite-element method in COMSOL Multiphysics. Figure 1 shows our calculation model, which consists of a gold nanodisk (with a diameter of 400 nm and a thickness of 30 nm) suspended in air that is surrounded by a perfectly matched layer (PML) on the side and lower boundaries. The optical constant of gold was taken from Johnson and Christy 20 . We set the electric field of the focused incident beam at the upper surface. The focused excitation beam starts to propagate downwards, forming a beam waist inside the structure. We note that the beam axis penetrates the center of the nanodisk, perpendicular to the upper surface. Figure 2 shows the instantaneous electric-field distribution (a snap shot in time) in the focus cross-section of incident CPVBs with different angular momenta (l, s) 5 (0,21), (21,1), (21, 21) , (22, 1) , (22, 21) , and (23, 1). There are clear differences in the distribution of the electric field vectors. It should be noted that the electric field vectors rotate in time due to the orbital and spin angular momenta.
Near field spectra and field distributions of excited plasmon resonances. To discuss the excitation of plasmon resonances, we calculated the intensity spectra and distribution of the near-field around the nanodisk for beams with different angular momenta. Figure 3 shows time-averaged near-field intensity spectra obtained at a point 2 nm from the nanodisk sidewall on a horizontal plane extending from the top surface. The calculated electric-field intensity (jEj 2 ) was normalized by the field (jE 0 j 2 ) obtained without the gold nanodisk. Beams with (l, s) 5 (21,1) did not show plasmon resonance, whereas those with (l, s) 5 (0,21), (21, 21) , (22, 1) , (22, 21) , and (23, 1) showed clear peaks in their spectra indicative of plasmon resonance. Beams with (l, s) 5 (0,21) and (22,1) yielded broad spectra with a peak at ,1,250 nm. Beams with (l, s) 5 (21,21) and (23, 1) gave narrower spectra with a peak at 760 nm, and those with (l, s) 5 (22, 21) showed the narrowest peak, located at 630 nm.
To identify each plasmon resonance mode, we plotted the instantaneous electromagnetic-field distributions around the nanodisk at the peak wavelength (Fig. 4) . The field distributions reveal the following plasmon resonance modes: dipole for (l, s) 5 (0,21), and (22, 1); quadrupole for (l, s) 5 (21,21), and (23, 1); hexapole for (l, s) 5 (22, 21) . When a comparison is made with the electric-field distribution of the incident beam shown in Fig. 2 , it is clear that the radial component of the electric field excites plasmon resonances on the side wall of the nanodisk. For example, in the cross-section of the CPVB with (l, s) 5 (22, 1) , the electric-field vectors point radially inward at twelve o'clock and radially outward at six o'clock ( Fig. 2  (d) ), which allows excitation of the dipole plasmon resonance. The excited plasmon mode is exclusively dependent on the incident beam mode throughout the spectrum, even at longer wavelengths. This indicates that CPVBs can selectively excite multipole plasmons in the normal incidence configuration. The electric-field matching between the incident beam and the resultant plasmon mode influences the excitation efficiency; thus, the beam axis should coincide with the nanodisk center and the beam waist should be small enough for efficient plasmon excitation.
Discussion
We found that the excited plasmon mode is determined by the total angular momentum (TAM) transferred to the plasmon resonance in the excitation process. For a paraxial optical beam, the OAM and SAM are additive with a TAM of J h 5 (l 1 s) h 17, 21 . Table 1 summarizes the angular momenta of the CPVBs and the corresponding excited plasmon resonance modes. The relevant figure labels are indicated in the right-hand column. We emphasize that each value of J was obtained from two types of CPVB; for example, J 5 21 was obtained from(l, s) 5 (0, 21) and (22, 1) .The excited plasmon resonance modes were determined by the TAM (J) as follows: dipole for jJj 5 1; quadrupole for jJj 5 2; hexapole for jJj 5 3. Based on the data presented in Table 1 , it can be inferred that the desired plasmon resonance mode can be excited by CPVBs with a specific combination of OAM (l) and SAM (s).
The sign of the TAM (J) determines the rotational direction of the electric-field distribution, that is, clockwise or counterclockwise with respect to the center of the nanodisk. Supplementary videos 1(a) to (f) show the dynamic evolution of the electromagnetic fields around the nanodisk for the six incident beams discussed above. Notably, the beam with (l, s) 5 (0, 21) gives rise to orbital rotational motion even though the incident beam has zero OAM (l 5 0), whereas the beam with (l , s) 5 (21, 1) does not show orbital rotation even with nonzero OAM (l 5 21). We found that the orbital rotational motion originates from the TAM. These results indicate that the TAM is a key physical quantity that determines which plasmon resonance mode is excited, as well as the conserved momentum that is transferred in the process.
In conclusion, we have theoretically demonstrated that the selective excitation of multipole plasmons can be achieved using normally incident optical vortex beams. Suitable combinations of orbital and spin angular momenta produce electromagnetic fields that match the field of a specific multipole plasmon resonance, leading to the selective and exclusive excitation of multipole plasmons. In the present plasmon-coupling system, the total angular momentum is a conserved quantity and is thus transferred from the incident beam to the excited plasmon resonance. We believe that this method for the excitation of multipole plasmons and for the transfer of angular momentum between photons and plasmons will open the way for detailed research into the control of plasmonic fields and bring associated applications a step closer. Photochemistry should benefit from the precise control of the plasmonic near-field or switching between the dipole and multipole resonances. Research fields based on optical trapping or manipulation should obtain novel tools such as nanoscale rotators.
Methods
Electric field of the focused incident beam. We analytically calculated the electric fields of tightly focused beams using the vector Debye integral, which was developed by Richards and Wolf 22 , and has been used to study the vector properties of focused light [23] [24] [25] [26] . Based on this approach, the Cartesian components of the electric-field vector (e (s) ) at the focus are given in the following form: 
Here, a is the maximum focusing angle (that is, for a ray from the edge of the aperture), h is the polar angle, w is the azimuthal angle. We employ cylindrical coordinates (r s , w s , z s ) at the focus. A beam mode-dependent electric-field vector E is given in the following form:
E~e r (0) {ise w 
We note that an apodization function w 0 (h) is given in the following form:
Here, b 0 is the ratio of the pupil radius to the beam waist, and L jlj p is a Laguerre polynomial given in the following form:
where m is an integer.
